Abstract-An attempt was made to isolate microorganisms from the industrial effluents and to study their role in bioremediation of lead in selected industrial effluents. Sixty bacterial strains from the industrial effluent were isolated, purified, preliminarily identified and examined for their ability to uptake lead. Based on the minimum inhibition concentrations (MICs) of lead for the selected isolates, six strains were found to be most resistant isolates and amongst them one isolate showed maximum resistance to lead which was identified as Bacillus cereus. Scanning electron microscopic (SEM) photographs and Energy dispersive X-ray spectroscopy (EDS) signature of Bacillus cereus revealed that lead was adsorbed to the cell surface, confirming biosorption capacity of the bacteria.
Introduction
Non-essential metals are generally of low abundance in the biosphere and should therefore not compete with specific transport systems for essential elements. However, due to industrial activities and the resulting changes in global elemental distribution and pollution of aquatic and terrestrial habitats, microorganisms are increasingly being exposed to potentially toxic conditions which may inhibit enzymatic activities, disrupt membrane function and damage nucleic acids in microorganisms [1] . At the community level, metals can decrease overall metabolic activity, diversity and total numbers of cells [2] . The effects of these contaminants in different populations have been reported [3] . To overcome these toxic conditions microorganisms may tend to respond, using a variety of strategies that ensure their survival and reproduction. Microbial metal resistance mechanisms include precipitation of metals as phosphates, carbonates and sulfides; metal volatilization by methyl or ethyl group addition; physical exclusion by electronegative components in membranes and extracellular polymeric substances (EPS); energy dependent metal efflux systems; and intracellular sequestration with low molecular weight, cysteine-rich proteins [4, 5] . In general, while microbial metal resistance includes a variety of strategies to deal with toxic metal concentrations in the environments [6] , these strategies are aimed at either to prevent entry of the metal into the cell or to actively pump the metal out of the cell. Such resistance can be divided into two classes: metal dependent and metal-independent. The study of the interactions between heavy metals and microorganisms has been specially focused on bacterial transformation and conversion of metallic ions by reduction in different polluted environments [7] , the selection of metal-resistant microorganisms from polluted environments [8] , and the use of resistant microorganisms as indicators of potential toxicity to other forms of life [9] as well as on mechanisms, determinants and genetic transfer of microbial metal-resistance [10] .
The removal of lead from contaminated wastewaters using bacteria (Pseudomonas sp., Chryseomonas luteola and Bacillus circulans) has been reported by several authors [11] [12] [13] , who attempted to investigate the ability of lead biosorption by lead resistant bacteria isolated from an industrial effluent. Tolerance and removal of toxic metal ions have been studied in bacteria [14] [15] [16] [17] [18] [19] [20] , cyanobacteria [21, 22] , algae [23] [24] [25] [26] and fungi [27] [28] [29] . Eccles, [30] has opined that the microbiological detoxification of polluted water is economical, safe and sustainable. Grampositive bacteria are known to possess high metal sorption capacities. The ability of the cell wall of Bacillus subtilis to interact with different heavy metals has been much studied [31] . Some metal-microbe interactions, where accumulation by the biomass leads to removal from the external environment, are of current biotechnological interest, for both the recovery of valuable metals and the detoxification of polluted effluents. Lead, the most common metal found as byproducts of processes such as mining and ore processing, as well as burning of fossil fuels, is less studied than other metals. Though lead has no known biological function, it is highly toxic and accumulates in humans [32] . Because of its toxic effects on human life, lead was selected for this work. Recently, we have isolated a gram positive bacterium (Bacillus cereus) from an industrial effluent sample with the ability to grow in high concentrations of lead. The aim of this work is to identify this bacterium and to determine whether the strain's ability to tolerate such high concentrations of lead is from an ability to accumulate lead externally or internally in intracytoplasmic inclusions.
Materials and Methods

Water sample
The water samples were collected from Vrishbhavathi River flowing through the Peenya Industrial area, Bangalore (Karnataka, India). Subsurface water samples were collected using water sampler at four different locations and subjected to physico-chemical analysis.
Isolation and identification of bacteria from industrial effluent samples 100 ml of water samples were collected and passed through a sterile membrane filter of 0.45µm pore size, and then the membrane was aseptically placed on the surface of tryptone glucose extract agar medium supplemented with 100mg/l of lead for isolation of bacteria. Plates were incubated at 37 0 C for 24 hrs. The bacteria that grew were preliminarily identified according to the key of Bergey's Manual of Determinative Bacteriology [33] after carrying out staining and biochemical tests.
Determination of heavy metal ion content.
The heavy metal ion content in collected water samples and in broth media used during the experiments were determined using the Atomic Absorption Spectrophotometer (Electronic Corporation of India Ltd., model ElementAS AAS4139) according to the procedure of Shouxin and Ling [34] .
Isolation and identification of most resistant isolates
Lead stock solution was prepared from lead nitrate. Tryptone glucose extract agar plates were inoculated with 1ml aliquots of 24hr old cultures of six bacterial isolates which showed faster growth on 100mg/l concentration of lead. After solidification, different concentrations of lead (50,100,150,200,300,400 and 500 mg/l) were inoculated in wells and the plates were then incubated for 48hrs at 30 o C. Diameter of inhibition zones were measured (in mm) to determine the most resistant isolate. The isolate showing highest MIC was sent for identification at Bangalore Genei, Bangalore.
Bacillus cereus resistance to divalent metal ions in TYG media Heavy metal ion resistance testing was done by determining the minimal inhibitory concentrations (MICs) of the divalent metals ions (Zn 2+ , Cu 2+ , Co 2+ and Ni 2+ ), in TYG media (per liter of deionized water). Analytical grade salts of ZnCl2, CuCl2.2H2O, NiCl2.6H2O and CoCl2.6H2O were dissolved in deionized water to form 10,000 mg/l stock solutions, filter sterilized using 0.2 μm pore -size Millipore filters. The plates were seeded with 1.0 ml aliquots of 24 hours old cultures of Bacillus cereus. After solidification different concentrations of copper, nickel, zinc and cobalt were inoculated in wells and plates were then incubated for 48 hrs at 30 0 C. Diameters of inhibition zones were measured in (mm) to determine the resistance of Bacillus cereus towards divalent metal ions. Triplicates were prepared for each concentration.
SEM and EDS analysis 10 ml broth culture of the most resistant isolate was centrifuged at 10,000rpm at 4 0 C for 5 mins. The pelleted cells were washed twice with 0.1 M phosphate buffer (pH 7) and were fixed overnight in 2% glutaraldehyde. The cells were washed again with phosphate buffer and then with distilled water, before further processing. The cells were dehydrated through a series of different concentrations (10% to absolute) of ethanol by holding them in each concentration for half an hour. The SEM and EDS analysis of the cells were carried out at Geological Survey of India, Kolkata to determine the loci of lead accumulation in the cells.
Results
Physico-chemical analysis of water sample
The concentrations of heavy metals in three different water samples ( Table. 1) revealed that the tested metal ions were within permissible concentrations except for lead (sample 1:0.07mg/l and sample 2&3:0.06 mg/l).
Isolation and identification of bacteria from industrial effluent samples
Sixty bacterial strains were isolated from the water samples. The Gram characteristics of the isolated colonies are summarized in Fig.1 . Forty seven isolates were Gram positive, with thirty eight Gram positive rods and nine Gram positive cocci, and thirteen Gram negative isolates included ten Gram negative rods and three Gram negative cocci.
Isolation and identification of most resistant isolates
The Minimum Inhibition Concentrations (MICs) of sixty isolates for lead concentrations (50,100,150,200,300,400 and 500 mg/l) revealed that six (isolate 1, 2, 3, 4, 5 and 6) out of sixty isolates were able to tolerate a high concentration of lead (500mg/l). The MIC studies further revealed that the increase in clear zone (diameter) of the six isolates were directly proportional to the metal ion concentration. The MICs of lead ions against the selected six isolates were determined using increasing concentrations of lead (100, 200, 300, 400, 500 and 1000 mg/l). The results have shown that only one isolate (out of the six) was able to tolerate 1000 mg/l of lead (Fig 2 and 3) . Identification of the most resistant strain (isolate 6) was confirmed as Bacillus cereus (GenBank Accession Number: EF488087) at Bangalore Genei, Bangalore based on 16S rDNA data.
MIC of lead in Bacillus cereus
The MIC of lead was determined using increasing concentrations of Lead (100 to 10,000 mg/l). The result depicted in Fig.3 revealed that MIC of Lead for Bacillus cereus (Isolate 6) was at 1000 mg/l, where as the other five bacterial isolates showed less MICs.
Bacillus cereus resistance to divalent metal ions in TYG media
The Minimum Inhibition Concentration (MIC) of Bacillus cereus for different metals ions (Zn 2+ , Cu 2+ , Co 2+ and Ni 2+ ) was determined using increasing concentrations of metal ions (100, 500, 1000, 1200 and 1500 mg/l). Figure 4 shows MICs of the bacterial isolate in the TYG media. The isolate showed different degrees of resistance to the heavy metals. The isolate showed resistance to Ni 2+ and Cu 2+ at concentrations below 1000mg/l, Co 2+ at concentrations below 100 mg/l and Zn 2+ at concentrations below 500 mg/l when grown for 48 h. The results suggest that in TYG medium, the isolate was most resistant to Ni 2+ and Cu 2+ , moderately resistant to Zn 2+ and least resistant to Co 2+ . It was interesting to observe that although Co 2+ was the most toxic metal to the isolate, it showed resistance below 100 mg/l, beyond which the growth was completely inhibited. 
SEM and EDS analysis
The SEM photographs and EDS signatures ( fig 5 and fig 6) revealed that lead was mostly entrapped in the extracellular polymeric substances (EPS) in Bacillus cereus. The growing industrialization and modern agricultural practices that have spread worldwide have adversely affected the ecosystem. These practices leave persistent toxic metals and organic pollutants in the surroundings, which tend to accumulate and deteriorate the environment [32] . Contamination of heavy metals in the environment is a major global concern because of their toxicity and threat to human life and environment. Studies on the concentrations of heavy metals in three different water samples revealed that the tested metal ions were within permissible concentrations except for lead. Thus these water samples were subjected to isolation of lead resistant bacterial isolates. The mechanisms by which ions bind to the cell surface include electrostatic interactions, van der Waals forces, covalent bonding, redox interactions and extracellular precipitation, or a combination of these processes. The negatively charged groups (carboxyl, hydroxyl and phophoryl) of the bacterial cell wall adsorb metal cations, which are then retained by mineral nucleation. The MICs of metal ions against the selected isolates using increasing concentrations of lead (100, 200, 300, 400, 500 and 1000 mg/l) revealed that only one isolate was able to tolerate high concentrations (1000 mg/l) of lead. This varying response of selected bacteria might be due to the differences in their cell wall composition or due to variations in resistance mechanisms. Identification of the most resistant strain was confirmed as Bacillus cereus. Bacillus cereus showed varying resistance towards divalent metal ions in the order of (Ni 2+ > Cu 2+ > Zn 2+ > Co 2+ ). Rajendran et al, [32] has opined that the biosorption studies of U, Zn, Pb, Cd, Ni, Cu, Hg, Th, Zn, Cs, Au, Ag, Sn and Mn, showed that the extent of sorption varies markedly with the metal as well as with the microorganisms. Various mechanisms have been postulated for the development of metal resistance in microorganisms [35] [36] [37] . However in general, all these strategies are found either to prevent the entry of metal ions into the cell or to actively pump out the metal ions from the cell [6] . The SEM photographs and EDS signatures (fig 3 and fig 4) revealed that lead was mostly entrapped in the extracellular polymeric substances (EPS) in Bacillus cereus. This could be due to efflux, commonly seen in bacteria as a detoxification measure as reported earlier [38] . Bacteria grown in medium without lead showed no signals of lead in the EDS analysis. Among bacteria, the Bacillus sp. has been identified as having a high potential for metal sequestration and also used in commercial biosorbent preparations [39] . The walls of the gram positive bacteria are efficient metal chelators and in Bacillus sp. the caboxyl group of glutamic acid of peptidoglycan is the major site for metal deposition. Teichoic and Teichronic acids are important binding sites in Bacillus sp [40] . These extracellular polymers have been implicated in nutrient storage, adhesion, and in barrier formation against environmental toxicants, including metals [41, 42] . Specifically, uronic acids and sulphate groups present in EPS may interact with various metals thereby immobilizing them [43] . The polarization data in conjunction with the TEM results infer that lead was sequestered in the polymeric layer. The reactions between exopolymers and metals are thought to involve specific ionic interactions.
Conclusion
From the results, it can be concluded that Bacillus cereus can tolerate higher concentrations of lead by extracellular biosorption. Hence it is imperative that the Bacillus cereus could be considered as a promising candidate for the removal of lead from wastewaters.
